Introduction
Dislocations affect materials mechanical properties and functionalities, such as electronic structure, optical properties, thermal transport, magnetic ordering, and superconductivity. For decades, the dislocation research has been centering on mechanical behaviors, such as crystal plasticity [5, 6] . However, given the flourishing development of novel functional materials in recent years, the proper modeling of dislocation functionalities beyond mechanical aspects are gaining more and more importance, yet faces a series of challenges. As an extended defect with internal structure, a realistic dislocation is not only a quenched disorder composed of a distribution of strain field, but also subject to strong dynamical vibration and material-dependent Coulomb interaction in a complex interaction environment. In this sense, many dislocation studies are only describing a partial feature of a realistic dislocation, where its definition
 ub is often not respected. Even all these factors are taken into account to fully characterize a realistic dislocation, the calculation on the functionalities poses another level of challenge. On the one hand, due to the long-range nature of a dislocation's stress field, the first-principles calculation with dislocations require a large supercellcould be as high as N~1000 atoms [7] . To carry out the response calculations, however, the computational complexity ~O(N 4 ) using the density functional perturbation theory is simply too high to be realistic [8] . On the other hand, since almost all those functionalities can be traced back to a microscopic quantum origin, a classical description of dislocation may simply be incapable to be integrated into a quantum theory in order to describe a complex quantum phenomenon.
In fact, a number of open questions remain in the field of dislocation functionalities. For electronic structure, it is known that the electrical resistivity in dislocated metals can have a particular type of electron-line defect resonance scattering, shown in Fig. 1a [9, 10] . Although the resonance scattering model did explain some experimental data, the origin of such resonance is unclear: "There must be some general mechanism underlying this phenomenon... This is still very much an open question…" [9] . For optical properties, it is known that dislocation can induce luminescence [11] with 4 significant luminescence peaks (called D1 -D4) at low-temperature, which may survive even at room temperature after sample treatment (Fig. 1b) . This phenomenon enabled dislocation based light-emitting diode (LED) applications [12] . However, even after three-decades-long research, the microscopic origin of these peaks is not fully understood until today, particularly "The origin of the D2-line is still under discussion" [13] . For the thermal transport, there has been a decades-long debate, arguing whether the dislocation-phonon interaction is static or dynamic in nature. Despite different temperature dependence, that 2 static kT  while principles calculations of dislocations mentioned that "Because of the breakdown of the Born approximation, earlier literature models fail, even qualitatively" [2] . As to superconductivity, P.W. Anderson asserted that "The (superconducting) transition temperature (with defects) will always be slightly smaller for the scattered states than they would be in the pure case" [14] , yet many experiments show otherwise. The anisotropic superconducting gap explains the transition temperature enhancement effect for point impurities [15] , but a quantitative comparison for dislocations without using empirical parameter has been missing. These open questions, along with the unbearably high computational cost, indeed call for a much better approach to tackle the dislocation functionality problems at a more fundamental level.
This perspective article is a self-contained introduction on the recent theoretical progress of the so-called "dislon" theory. Dislon is a quasiparticle that aims to solve the above dislocation functionalities issues by directly quantizing a classical dislocation [1, 3, 4, [16] [17] [18] [19] . We believe that there are a number of unique advantages adopting this quantized dislocation approach, mainly formalism simplicity and strong predictive power.
Formalism simplicity:
The simplicity has a multifold meaning. First is the procedure to incorporate a dislocation into an existing system. Apparently, there are plenty of existing approaches that can introduce a dislocation. For instance, for electronic property studies, a dislocation is often modeled as a line charge. With a scattering Coulomb potential () Vr , its Fourier transformation () Vq gives the scattering strength, from which the electron-dislocation relaxation time can be obtained using Fermi's golden rule [20] [21] [22] H for a pristine system. Given the arbitrary freedom to choose 0 H , a dislocation can always be introduced properly. This leads to the second fold of simplicity that the Hamiltonian approach standardizes the procedure to compute all functional properties. With the knowledge of a given 0 H , the electrical conductivity, thermal conductivity, thermopower, optical absorption, etc., are all computable using standard quantum many-body approaches, such as linear response theory [23] . Now the understanding of the role that dislocations may play is then reduced to a standard linear-response calculation of functionalities, but with the total Hamiltonian , which has great mathematical simplicity to tackle, but with all dislocation effects -strain, dynamic, Coulomb -incorporated simultaneously. This comprehensive description of dislocation is in sharp contrast with a potential scattering approach. Taking the popular line charge model of dislocation as an example, we see that the Burgers vector b does not even appear explicitly in the expression of relaxation time, which is unphysical to some extent.
Strong predictive power:
Besides the formalism simplicity, the main advantage of dislon theory lies in the strong predictive power. This is a natural consequence by adopting a quantum field theoretical approach, since it can seamlessly incorporate all other interactions and correlation effects to an arbitrarily high order. The interaction effects are essential for a realistic scenario, for instance, dislocations may co-exist with point defects, phonons, and electrons in a real crystal, and we could always pick up the relevant degrees of freedom that are of interest for a given problem. For instance, if we are interested in phonon-dominant thermal transport, then the Coulomb charge model of dislocation cannot interact with phonon hence cannot be used for thermal transport study. The dislon theory, on the other hand, is a unified approach. Since it already contains the strain effect in the dislon field, the interaction with phonon becomes straightforward. The correlation effect and higher-order scattering, on the other hand, are both important toward qualitatively novel phenomena [24] . This also distinguishes the dislon theory from a semiclassical model. Again taking the line charge model as an example, we will know for sure that Coulomb scattering is guaranteed to happen, but meanwhile, full predictability is lost since there is no information how dynamic and strain effect affects the electronic structure. A quantum field theory, on the other hand, is still ab initio in nature, which retains a full predictive power without loss of information from the starting point.
Dislon as Quantized Dislocation
To see how a dislocation can be quantized into a quantized operator form, we noticed that both a dislocation and a phonon are atomic lattice displacement u , with the major difference come from the dislocation's topological constraint
 ub . Therefore, two major pillars are needed to quantize a dislocation. One is the lesson of quantum procedure, learned from the more familiar phonon quantization; the other is the unique features of a classical dislocation that distinguishes from a classical lattice wave.
The lesson from phonon quantization:
We briefly outline the familiar phonon quantization first since the dislocation quantization shares some formalism similarity. A comprehensive procedure for phonon quantization can be found in quantum many-body monographs [23, 25] . 
i.e., different atomic locations ( mn  ) and directions ( ij  ) commute with each other.
As we see, the phonons in an N-atom system Eqs. (1) and (2) appear cumbersome in a first-quantized form. However, all these can be simplified using a second quantization approach. To do so, we perform a Fourier transform 11 , where since a crystalline solid is periodic with translation symmetry, we only need to sum over the position difference between two lattice positions n R and m R . Now since ( ) ( ) ij ji DD  kk , the 33  () D k matrix (k can be considered as a parameter) can be diagonalized with real eigenvalues. The eigen-equation can be written as (6) in which   k is the eigenvector ( k is the eigenvalue. The second-quantized form can be defined by the particle occupation number formalism:
where (8) Now substituting Eqs. (4), (7) and (8) back to Eqs. (1) and (2), we finally obtain a second-quantized Hamiltonian for 3D phonons: (9) which now has a much simpler form and enhanced power to deal with complex interaction problems. Such as formalism and power enhancement also happens to a classical dislocation upon second quantization.
The lesson from Classical Dislocation: Another major pillar that supports the quantized dislocation lies in a few aspects of its classical counterpart (Fig. 2) . First, a dislocation exists in a crystalline solid, but not in amorphous materials (Fig. 2a) . This greatly facilitates the electron and phonon interaction problems in that the Bloch's theorem is valid. Second, a dislocation not only can be defined in discrete crystals, but also can be defined in a continuous medium (Fig. 2c) . This facilitates the description of dislocation as a long straight line, without worrying a short or segmented dislocation line, if we leave the complex dislocation loop out of the picture.
With the method of canonical quantization procedure and the concept of topological invariance, the dislon theory can be considered as a natural merge of these two pillars. The detailed dislocation quantization procedure is introduced in a recent review [3] . Briefly speaking, a dislocated lattice system still contains kinetic energy and lattice strain potential energy, just like Eqs. (1) and (2) 
 ub is evolved into a simple boundary condition of the quantized operator. The incorporation of both the kinetic energy and potential energy is a critical move. This is so since many dislocation models contain only the potential energy part (e.g., stress field) in a frozen-lattice configuration. However, for phonon-dislocation scattering, it is well known that the dominant mechanism is the dynamic process, which could be orders-of-magnitude higher than the strain field [26, 27] . By simultaneously incorporating both the kinetic energy and the potential energy, not only the formalism is greatly simplified in second-quantized form, but also both dynamic and static interactions are taken into account on an equal footing, which is more appropriate for a realistic dislocation.
The dislon Hamiltonian
The major difference between the phonon and dislocation quantization lies in the Fourier transform step. Since a dislocation is a localized 1D-like defect, we have another generic expansion instead of plane-wave expansion (10) where L denotes the system size, that there is one dislocation at present within a square of 
if we assume xz plane as slip-plane, and  is the Poisson ratio.
On the other hand, u k satisfies a different boundary condition
assume the dislocation is along the z-direction [17] . This simple boundary condition is a natural result to ensure the compatibility with the definition
In the end, the dislon Hamiltonian with dislon excitation  k in the second quantized form can be written as 00 11 22 (12) where the operators satisfy [ , ] , (13) with a boundary condition (14) in which k C is a boundary term taking care of the effects along the in-plane directions perpendicular to the dislocation line, such as Coulomb scattering and strain field scattering. Whenever a classical effect needs to be taken into account, we can generalize k C for a specific problem.
To sum up, we need two Bosonic fields to describe a quantized dislocation, which are subject to different boundary conditions, in contrast to the phonon case where one Bosonic field suffices (Fig. 3a) . This resembles another topological defect of magnetic monopole (Fig. 3b) , where two classical fields (magnetic vector Eqs. (12) - (14) are the central results of a dislon Hamiltonian. Eq. (13) takes care of all dynamic effects, while Eq. (14) is responsible for the strain field scattering and the classical Coulomb scattering, where eventually k C can be directly related to the classical dislocation-electron scattering amplitude.
General workflow to apply the dislon theory
With the dislon Hamiltonian in hand, we are in good shape to introduce the general workflow applying the dislon theory to a general functionality problem, summarized in Fig. 4 .
Step 1. Identify the Hamiltonian 0 H that describes the dislocation-free system. If we are interested in electrons in a metal, then 0 H is just non-interacting electrons; if we want to study the phonon transport, 0 H is the free-phonon Hamiltonian Eq. (9). If we want to study optical and magnetic properties that is influenced by dislocation, then a multi-band Hamiltonian can be applied, for instance, a 2-band model, (15) where     H , without having an interaction term. As we will see in next Section, in many situations, we need to write down the classical interaction Hamiltonian and then perform the corresponding (dislon operators).
Step 3. Perturbative and Non-perturbative calculations. With the non-interacting and interacting Hamiltonians, we are ready to carry out relevant calculations, by setting up perturbative and non-perturbative calculations. By non-perturbative, we refer to the functional integral approach [28] , which is convenient to take into account the constraint Eq. (14). If, on the other hand, we only want to understand the dynamical quantum effect of dislocations, then no constraint is needed.
Step 4. Property calculation. Through step 3, almost all major physical quantities, such as DC and AC electrical conductivity, thermal conductivity, dielectric function, optical absorption, Seebeck coefficient, magnetic susceptibility, superconducting transition temperature, etc., can be computed systematically based on linear response theory, with controllable approximations. An example of DC conductivity workflow in shown in Fig. 5 .
Cases Studies Using the Dislon Theory
This tribute intends to provide a few concrete examples and see how the dislon theory can be applied in a given interaction scenario. We will provide three examples, including the computation of the electron-dislon relaxation time, the calculation of superconducting transition temperature Tc, and also the phonon energy shift and relaxation time upon dislocation interaction. We elaborate the first example given its simplicity and outline the rest two by summarizing the main results and major predictions.
Computation of relaxation time
In the classical dislocation theory, a dislocation is modeled as a scattering potential () V r , and the relaxation rate from state i to f can be computed using the Fermi's golden rule:
 r r r r (16) where ( 
Since the momentum change q is arbitrary, if we assume a total number of dis N dislocations, the total relaxation rate as a function of electron momentum k can be written as
where dis n denotes the dislocation density. Eq. (18) as a line charge, where () V r is Coulomb potential, it has nothing to do with dislocation's definition. b) When the electrons are under interactions in the solid, the wavefunctions are usually too difficult to obtain. In addition, it seems impossible to incorporate other interactions into this formalism. c) When dislocation density is high, multiple scattering emerges, it would be nice to have a formalism to treat multiple scattering, especially infinite order where a qualitative change of system such as Anderson localization, emerges [24] . d) Regardless of interaction and high-order effects, many other effects, such as temperature dependence, are also challenging to be incorporated. As we will see, the quantum field approach can solve all these problems instantly in an elegant way.
In a quantum field language, instead of using wavefunctions, the Green's functions, aka propagators, serve as building blocks. We will work with the imaginary-time Green's function (19) which demonstrates a process that an electron with momentum k is created at time (20) from which the most straightforward process that leads to relaxation time  k can be considered as a virtual process where an electron k is first scattered into k+q by a dislon with momentum q with interaction strength gq, then the k+q electron is scattered back to the original momentum k through a dislon with momentum -q. Such a process can be diagrammatically represented as:
In above figure, the straight line segment and wavy line denotes the electron and dislon propagator, 0 G and 0 D , respectively, in which the part inside the dashed rectangle is the lowest-order self-energy, which can be written as (21) where the internal momentum q and Matsubara frequency m i are summed over. Finally, the relaxation time  k can be computed from a self-energy calculation: (22) which can lead to consistent result with Eq. (18) . Despite seemingly more cumbersome than a Fermi's golden rule approach, the above quantum field scheme can indeed conquer all difficulties faced by Fermi's golden rule approach.
a) Dislocation's definition is well respected in the dislon Hamiltonian Eqs. (12) - (14) .
b) If other interaction mechanisms are needed, no matter point defects or phonon interactions with electrons, or even Coulomb interaction between electrons, we only need to rewrite the corresponding electron propagator taking into account the relevant interactions. For instance, the lowest order correction of point defect or phonon scattering can be diagrammatically represented as:
where the double-line on the left-hand side denotes the dressed electron propagator upon interaction. The total self-energy taking into account other interactions can be represented as:
while the Eq. (22) is still valid by replacing the electron propagator 0 GG  in the updated self-energy. c) Higher order scattering processes are easily incorporable as well. For instance, the second-order electron-dislon scattering can be written as pictorially as d) Other effects can also be incorporated in a systematic way. In particular, temperature effects are fully taken into account within the finite-temperature Matsubara formalism.
Electron-dislon interaction: Explaining Tc
The power of adopting the dislon approach to study the electron-dislon interaction problem is beyond the calculation of relaxation time, but can also be used to study the effects of dislocations on dislocated superconductors. To see this, we notice that the electron-dislocation interaction Hamiltonian can well be described by a deformation potential scattering Hamiltonian (23) where ( 
where
is the electron-dislocation coupling strength, which gives highly consistent result from semi-classical theory [29] .
In the end, we were able to compute the superconducting transition temperature Fig. 6 , which shows excellent quantitative agreement comparing with experimental data without free fitting parameter [4] .
Phonon-dislon interaction: Beyond perturbation
The general workflow is also applicable to the dislocation-phonon interaction problems. The classical velocity-velocity drag-like fluttering interaction Hamiltonian between dislocation and phonon can be written as Hd    u R u R R (27) After the second quantization procedure, we have phase transitions, dislocations will gain more importance from materials imperfections to a new dimension to tailor the phase diagram, including unexplored new electronic, phononic, and photonic phases.
Indeed, the dislon theory offers a systematic approach to understand the interplay between crystal dislocations and materials electronic, spintronic, phononic and photonic degrees of freedom at a microscopic quantum level. However, why the dislon, or say the quantization procedure, could work in the first place? Intuitively, the term "quantum field" contains both the "quantum" part, which deals with the internal dynamics and excitation, and the "field" part, which deals with spatial extension. This dual-nature seems appropriate to describe a dislocation, which contains both internal dynamics, such as dynamic fluttering, and spatial extension that arises naturally as an extended defect. In fact, the spatial extension naturally and unavoidably leads to the internal dynamic structure. This brings up a more general question, that whether any extended defect can, or even should, be described by some quantum field:
Large Defects Quantum Fields  (30) The answer to this grand question may greatly empower our approach to tackle with complex defects problems.
